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SPACE MECHANISMS WORKSHOP 
PREFACE 

, QPn F i tUre x ^ ASA space ™ issions such as Space Exploration Initiative 
(SEI), the Mission to Planet Earth, and advanced weather and 
mmumcations satellites will require advanced performance standards 
increased life, and improved reliability of all mechanically moving 
equipment (mechanisms). In the past the mechanism needs of spacecraft 

deemed' tobeih * # £ te ° f ** art The electronic systems were 

deemed to be the biggest impediment to producing long life and reliable 

ordJ^ tn k AS 3 r rh lt S , atelliteS Were desi S ned with requirements to last for 
only 3 to 5 years. The electronics industry has made great strides over the last 

few years in reducing the size and increasing the life and reliability of satellite 
ectromc systems. The question is, have mechanical moving mechanisms 
kept up in improving their life, reliability and performance? 

mic . T ° de “ the obstacIes will be in meeting NASA's future 
missions goals, NASA-Lewis Research Center and the Ohio Aerospace 
Institute (OAI) planned and sponsored a workshop for the fall of 1992. The 
workshop, entitled the Space Mechanisms Technology Workshop took place 
September 22-23, 1992 at the Westlake Holiday Inn inWestlake, Ohio. ? 

The workshop lasted for two days. The first half day was dedicated to a 
set of plenary papers. The following papers were presented: 

(1> OF FUTURE NASA MISSIONS AND REVIEW OF 

NEEDE SURVEYS - ROBERT FUSARO 

(2) 5F£ CE MECHANISMS TECHNOLOGY NEEDS - PAUL FLEISHAUER 

THE AEROSPACE CORPORATION HAUER, 

(3) WPAFB ACE MECHANISMS PROGRAMS - KARL MECKLENBURG, 

(4) pfQ^Rements .and ENVIRONMENT - 
BENTON CLARK, MARTIN MARIETTA 

(5) POWER REQUIREMENTS FOR SPACE - JOHN BOZEK, NASA/LERC 

(6) PROPULSION REQUIREMENTS FOR SPACE - JAMES DILL 

MECHANICAL TECHNOLOGIES INC. ' 
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Following the opening plenary session, the workshop broke into three 
concurrent groups to look at the issues and problems of future mechanism's 
operations. Because the Satellites and Space Platforms group was deemed to 
be too large it was divided into two working groups. The four groups and 
group leaders were: 

(1) Satellites and Space Platforms #1, Doug Rohn, NASA LeRC and Paul 
Fleischauer, Aerospace Corporation 

(2) Satellites and Space Platforms #2, Roamer Predmore, NASA GSFC, and 
Stuart Loewenthal, Lockheed 

(3) Power and Propulsion, Bob Hendricks, NASA LeRC and Jerry Kannel, 
Battelle 

(4) Planetary Surface Operations, Bob Fusaro, NASA LeRC and David 
Thrasher, Boeing Aerospace. 

Each group was given seven tasks, they were as follows: 

1. Identify space mechanism"s (mechanical components /lubrication) 
current and perceived future mission obstacles. 

(A) Brainstorm current space mechanisms obstacles. 

(B) Brainstorm future space mechanisms obstacles. 

(C) Prioritize current and future space mechanisms obstacles. 

2. For each obstacle, list or describe: 

(A) Technology deficiencies (known or perceived). 

(B) The current state-of-the-art. 

(C) Applicable NASA, DOD, AND industry missions 

(D) Active research in the area. 

— Where it is being conducted. 

— What are the current facilities. 

— Number of personnel involved. 

(E) Technology needs for current missions. 

(F) Technology needs for future missions. 

(G) Concerns. 

3. What is needed to improve the reliability of mechanisms? 

4. NASA is planning to develop a space mechanisms guidelines 
handbook. What sort of information should be included? What sort 
of information should be considered industry privileged? 

5. Can anything be done to improve technology development and the 
dissemination of information? 


VI 


6. Other issues? 

7. What do we do next? 

- Future meetings 

~ Formalized working grouD(s) 

- Publications 


wMch group 

engaged in discussion of those results. The worktagglpLXtnL .he 


Approximately 70 individuals attended the workshon Thoir 
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OHIO AEROSPACE INSTITUTE BACKGROUND 


A UNIVERSITY-INDUSTRY-GOVERNMENT CONSORTIUM 


COLLABORATIVE RESEARCH 
GRADUATE AND CONTINUING EDUCATION 
TECHNOLOGY TRANSFER 


9 OHIO UNIVERSITIES 
PRIVATE SECTOR COMPANIES 
NASA LEWIS RESEARCH CENTER 
WRIGHT PATTERSON AIR FORCE BASE 



Michael J. Salkind 
President 

Ohio Aerospace Institute 
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OAI BOARD OF TRUSTEES 


AGNAR PYTTE, Pres., Case Western Reserve U 
J. TAYLOR SIMS, Act. Pres., Cleve.State U 
E. GORDON GEE, Pres., Ohio State U 
CHARLES PING, Pres., Ohio U 
PEGGY G. ELLIOTT, Pres., U of Akron 
JOSEPH A. STEGER, Pres., U of Cincinnati 
BRO. RAYMOND L. FITZ, Pres., U of Dayton 
FRANKS. HORTON, Pres., U of Toledo 
PAIGE E. MULHOLLAN, Pres., Wright State U 

DAVID L. BURNER, Pres., BF Goodrich Aerospace 
BRIAN ROWE, SrVP, GE Aircraft Engines 
PATRICKS. PARKER, Chairman, Parker Hannifin Corp. 
ROBERT PASTER, Pres., Rockwell, Rocketdyne 
R. GORDON WILLIAMS, VP and Gen. Mgr, TRW, Space & Tech. 

STEVEN SZABO, JR. Dir of Eng., NASA Lewis Res. Ctr. 

ELAINE HAIRSTON, Chancellor, Ohio Bd. of Regents 
G. KEITH RICHEY, Chief Scientist, Air Force Wright Lab. 


PERSPECTIVE 
( STRATEGIC DRIVERS j 


■ GLOBAL ECONOMIC COMPETITIVENESS 

■ EFFECTIVE TECHNOLOGY TRANSFER 

■ MORE COLLABORATION 

■ POOL EXPENSIVE RESEARCH FACILITIES 

■ MORE INTERDISCIPLINARY RESEARCH 

■ MORE PHDs FOR INDUSTRY, GOVERNMENT, AND UNIVERSITIES 

■ MORE AMERICANS IN GRADUATE SCHOOL 

■ MORE MINORITIES AND WOMEN IN SCIENCE AND ENGINEERING 

■ GREATER EMPHASIS ON SCIENCE AND MATH UTERACY IN SCHOOLS 
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$ Millions 


PERSPECTIVE 



• TECHNOLOGY TRANSFER IS A BODY CONTACT SPORT 

• FEDERAL LABS — FACILITIES AND FUNDING MAGNETS 

• COMPLEMENTARY EQUIPMENT AT CAMPUSES AND COMPANIES 

• DEVELOP COMPETITIVE CRITICAL MASS 

• DISTANCE EDUCATION IS BECOMING MORE ACCEPTABLE 
— TECHNOLOGY, ECONOMICS IMPROVING 

- FITS CHANGING LIFESTYLE 

• INCREASING NEED FOR TRUE LIFE LONG LEARNING 


OAI Funding Sources 
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Federal 


Industry 
State 

FY90 FY91 FY92 FY93 
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RESEARCH FOCUS GROUPS 


• WORKING GROUPS OF EXPERTS FROM 
UNIVERSITIES, GOVERNMENT, and INDUSTRY 

• FOSTER COLLABORATION AMONG DISCIPLINES 

and COMMUNITIES 

• ASSESS PRESENT AND FUTURE AEROSPACE 

RESEARCH THAT WOULD BENEFIT FROM 
COLLABORATIVE RESEARCH 


Government 


Universities 



Industi 


Government 


•Industry 


Collaborative Research and 
Educational Ventures 



OAT FOCUS GROUPS 

. ADVANCED INTERDISCIPLINARY SIMULATION 
• AEROSPACE POWER 

. COMMUNICATION, ELECTRONICS, AND INFORMATION SYSTEMS 

♦ COMPOSITES 

• DIAGNOSTICS / IMAGING / VISUALIZATION 
. DYNAMIC SYSTEMS AND CONTROLS 
• FLUID DYNAMICS AND PROPULSIVE SYSTEMS 

• ICING 

• POLYMERS / MOLECULAR MODELING 

• SPACE PROPULSION AND TECHNOLOGY 

♦TRANSDUCERS 
♦ TRIBOLOGY 

• TURBO MACHINERY FLUID MECHANICS 


6 


STATEWIDE COLLABORATIVE 
EDUCATIONAL NETWORK 


The University of Akron 
Case Western Reserve University 
University of Cincinnati 
Cleveland State University 
The University of Dayton 


• The Ohio State University 

• Ohio University 

• The University of Toledo 

• Wright State University 


• Link universities by TV network 

• Deliver graduate education to the workplace 


OAI STUDENTS 

INDUSTRY - GOVERNMENT COLLABORATION ATTRACTING 
OUTSTANDING STUDENTS TO OAI UNIVERSITIES 

52 GRADUATE, 78 UNDERGRADUATE SINCE 1989 


7 had my choice of seven fellowship opportunities throughout the country. I 
chose OAI and Ohio State University because of the NASA involvement 

" Combining universities and industry is great. We get the theoretical side but 
not always the direct application. " 

7 saw OAI as a major advantage in making contacts in industry and learning 
from people who have experience in more than an academic setting . " 

* OAI is a great step toward in laying the groundwork to make Ohio 
competitive in the aerospace field. It offers the opportunity to do things 
I couldn't do elsewhere.” 



INDUSTRY PARTICIPATION 


■ ALLISON - G.M. 

■ ANALEX 

■ ALLIED SIGNAL 

■ APPLICATION TECHNOLOGY 

■ ARGO-TECH 

■ BATTELLE 

■ BF GOODRICH 

■ BROOKS ASSOCIATION 

■ BRUSH WELLMAN 

■ CAMP 

■ EATON 

■ EDJEWISE SENSOR PRODUCTS 

■ EMTEC 

■ EPIC 

■ FERRO 


■ GATEWAY TECHNOLOGY 

■ GENERAL ELECTRIC 

■ IMAGE ANALYSIS RESEARCH 

■ KEITHLY INSTRUMENTS 

■ LORD CORPORATION 

■ LUBRIZOL 

■ PARKER HANNIFIN 

■ PRATT & WHITNEY 

■ ROCKWELL 

■ SUNDSTRAND 

■ SVERDRUP 

■ TELEDYNE 

■ TEXTRON LYCOMING 

■ TIMKEN 

■ TRW 


r — * > 

31 participating business organizations 
> ' 







WORKSHOP INFORMATION AND OBJECTIVES 


Robert L. Fusaro 
NASA Glenn Research Center 
Cleveland, Ohio 



Objectives 

• To obtain an industry /university/government 
perspective on what are the known or perceived 
obstacles to successfully achieving NASA's current 
and future space missions. 

• To determine the industry /university/government 
community's capabilities of solving these obstacles. 

• To obtain input to help guide NASA in the formation 
of a growing R&T program. 
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Space Mechanisms Workshop 
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Motors 

Deployment devices, latches, connectors 
etc. etc. 



SPACE MECHANISMS PROGRAM 
PLANNING METHODOLOGY 
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• Storage Effects 

• Launch Effects 

• Ground Based Testing Methods 
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SPACE MECHANISMS TECHNOLOGY WORKSHOP 

AGENDA 
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SPACE MECHANISMS TECHNOLOGY WORKSHOP 

AGENDA 
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SPACE MECHANISMS TECHNOLOGY WORKSHOP 

AGENDA 
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3:20 CONCLUDING REMARKS - THEO KEITH, OAI 


WORKSHOP WORKING GROUP 
OBJECTIVE QUESTIONS 
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(F) TECHNOLOGY NEEDS FOR FUTURE MISSIONS 

(G) CONCERNS 



WORKSHOP WORKING GROUP 
OBJECTIVE QUESTIONS 
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-- FORMALIZED WORKING GROUP(S) 
-- PUBLICATIONS 



WORKING GROUP ASSIGNMENTS 
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FUTURE NASA MISSIONS AND TECHNOLOGY NEEDS RESULTS TO DATE 


Robert L. Fusaro 
NASA Glenn Research Center 
Cleveland, Ohio 


PROPOSED FUTURE NASA MISSIONS 

• SPACE EXPLORATION INITIATIVE (SEI) 

- Expand human presence to the moon. Mars, and beyond 

• MISSION TO PLANET EARTH 

- Understand the interaction between 

- Oceans/atmosphere/solid Earth (weather) 

-- Living organisms and environment 

-- Environment and pollution 
-- Composition and evolution of the Earth 

• ASTROPHYSICS 

— Understand the universe 

- Laws of physics 

— Birth of stars and planets 
— Advent of life 

• MATERIAL AND LIFE SCIENCES 

— Understand and develop new processes 
-- Fluid dynamics 
— Combustion fundamentals 
— Material processing 

- Physics and Chemistry 
-- Space Medicines 
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SPACE MECHANISMS INITIATIVE 
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REGULARLY SCHEDULED VIDEO CONFERENCES 



Govern ment/lndustry Survey 
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QUESTIONNAIRE RESPONSE 
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tolerance for error. 



QUESTIONNAIRE RESPONSE 

SPACE MECHANISMS TECHNOLOGY ISSUES 
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SPACE MECHANISMS WORKSHOP FINDINGS 
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SPACE MECHANISMS TECHNOLOGY NEEDS 


Paul D. Fleischauer 
The Aerospace Corporation 
El Segundo, California 
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Major Spacecraft Subsystems 
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Other systems have advanced and made mechanisms life-limiting 
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Contamination Cover Removal 
Spacecraft/Launch Vehicle Separation 



Typical Deployment Mechanisms 
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(Health Monitoring) 



Solar Array Drive Mechanism 
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Coatings/Parts 



Sensor Pointing Gimbal 
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ive Bearing Designs 



Mechanical Subsystem/Component Performance 
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Occasional Problems with Release & Deployment Mechanisms 
- Need for Proper Guidance from "Tribologists" 



TRIBOMECHANISM/COMPONENT PERFORMANCE 
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New Technologies - Solutions to Problems 
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Wear Resistant Materials 

• Hard Coatings & Ceramic Parts 

- Ultra-Smooth Surfaces, Low Torque Noise 

- Little or No Wear 

- Need for Designer Lubricants - Additive Criteria 



New Technologies - Solutions to Problems 
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Health Monitorina - Feedback Control 
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Built-In Jitter Control 
- Low Torque Noise 



Surface Studies of Lubricant Additives 
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Synthetic Oils Affected Differently Compared to Mineral Oils 



Chemical States of PbNp on Bearing Steel 
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Lubrication of Spacecraft Mechanisms 
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DMSP Operation 
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Lubricant Test Approach 
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Bearing Verification Test 
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Wear Life (xl 0 5 Revolutions) 
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Lubrication of Spacecraft Mechanisms 
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Lubricated Devices, Sliding Electrical Contacts, Gyroscopes 

Technological Solutions Include Synthetic Lubricants and 
Hard, Anti-wear Coatings for 
Contacting Parts 



Space Mechanisms Technology Needs 
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SPACE-RELATED TRIBOLOGY PROGRAMS 

K.R. Mecklenburg 
Wright Laboratory 

Wright-Patterson Air Force Base, Ohio 


TOPICS THAT COULD BE PRESENTED: 
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Replacement of Domes, (if needed at all) 
will occur In Increments of years rather 
than months 
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CERAMIC BEARING TECHNOLOGY PROGRAM 
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MATERIALS TECHNOLOGY AREA PLAN 
NONSTRUCTURAL MATERIALS 
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CANDIDATE ADDITIVES AVAILABLE BEARING SIMULATIO 

FROM OTHER PROGRAMS CHAMBER 
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DIAMOND COATED BEARINGS 














SPACE EXPLORATION TECHNOLOGIES 
Moon and Mars Comparison 


Benton Clark 

Martin Marietta Astronautics Group 
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Science: Objectives at the Moon 
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Science: Objectives at Mars 
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Composition, resource potential 
Age and Origin 
Effects on Martian surface? 
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Radiation Hazard 
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• Earth nav not adequate 

• Deployed radio beacon(s) on surface may be required for pinpoint landings 




Ascent Vehicle Design 
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Note: Lunar Base resource production implies power-rich facility. 

Lower power anticipated for Mars, especially if nuclear reactors forbidden on martian surface. 





Mission Operations 
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return ship could be staged in low lunar orbit (LLO), but not high elliptical orbit 



Interplanetary Mission Modules (IMM) 
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ECLSS and Resupply 

Mars : Recycling of water and air considered obligatory 

Moon : Water loop less closed because hydrated/frozen food resupply? 

No indigenous water. Indigenous O2 mfg power intensive, hazardous 
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Insulation MLI Closed-cell foam; air barrier 

Heat rejection Radiators Radiation and/or convective 

heat exchange 



Risk/Safety 
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SSF-Proven LSS Disabled LSS 

Mass shedding, plus H/0 propellant use 



Martian vs Lunar Surface as an Experiment Observation Base 
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In situ Resources Production (ISRP) on the Moon 
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production of solar wind hydrogen as by-product 
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Hydrogen Peroxide (H2O2) -- from water 
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HUMAN MISSIONS TO THE MOON AND MARS: A COMPARISON 
Benton C. Clark, Planetary Sciences Laboratory (B0560), Martin Marietta Astronautics, Denver, CO 80201 
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SSF, but need not. Use as a transportation node for storage, refurbishment, and refueling of lunar vehicles may entail major 
comprimises of scientific objectives and increases in operating costs for Station Freedom. 
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(FUTURE) POWER REQUIREMENTS FOR SPACE 
(AND EXTRATERRESTRIAL SURFACES) 

John Bozek 

NASA Glenn Research Center 
Cleveland, Ohio 
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LOW TEMPERATURE HEAT REJECTION REQUIRES 
LARGE RADIATOR 
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PROPULSION REQUIREMENTS FOR SPACE 
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Mechanical Technology, Inc. 
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ACCOMMODATION OF THERMAL DISTORTION AND DIFFERENTIAL 
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THAN OXYGEN 

O LONG TERM EXPOSURE EFFECTS ON MATERIALS 
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TRIBOLOGICAL ISSUES OF THE INDIVIDUAL COMPONENTS ARE BASICALLY THE 
SAME WHETHER USED INDIVIDUALLY OR AS PART OF A HYBRID PAIR. 
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LONG TERM HYDROGEN OPERATING TIMES AND TOTAL EXPOSURE 
EXPOSURE TIMES MUCH LONGER THAN CURRENT 

SYSTEMS 
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FIELD ROBOTS FOR THE NEXT CENTURY 


William L. Whittaker 
Carnegie Mellon University 
Pittsburgh, Pennsylvania 


Introduction 

Robotics to date has produced underlying capabilities that enable robots to respond to a 
variety of task challenges. Robotics is maturing as a discipline, and the investment in 
prior research has yielded a wealth of technologies for a new generation of competent 
robots. It is no longer necessary to restrict research to work on testbed robots, since 
systems that meet performance specifications of end-users can now be developed. Given 
the existing technology base, robots that were unachievable five years ago now are within 
reach, provided that performance goals are established and development efforts in the 
near term are directed to meet them. 

With seminal groundwork laid, robotics technology is now evolutionary, not 
revolutionary. Evolutionary technologies are born of knowledge-based research: efforts 
aimed at developing a new and better understanding of the application of scientific 
principles. From failures in early development come the insights that lead to successful 
future implementations, which show increasing utility and relevance as the technology 
evolves. Robots that meet new task challenges and exhibit proficiency are feasible, since 
the knowledge we have gained is allowing us to cross the threshold from pure 
knowledge-based research to performance-based research. 

The Nature of Field Robots 

Structured environments, like those found in factory settings, do not challenge robots 
with the dynamism and uncertainty of unstructured environments. Active and forceful 
manipulation of objects in unstructured environments requires much more than current 
industrial robotics can deliver. To work in a field site — say, digging up a gas pipe — a 
field robot must be able to recognize unknowns and respond to unplanned difficulties. It 
is paramount that the robot sense events and take responsive actions. Needs of the open 
work site, like robot intelligence and robustness, drive the agenda for field robotics 
research. 

Robots, in general, fall into three classes, each distinguished by the control procedures 
available to the robot and its relationship to human supervisors. The first of these classes, 
programmed robots, perform predictable, invariant tasks according to pre-programmed 
instructions. Teleoperated robots, the second of these classes, includes machines where 
all planning, perception, and manipulation is controlled by humans. Cognitive robots, the 
third class, sense, model, plan, and act to achieve goals without intervention by human 
supervisors. 

Programmed machines are the backbone of manufacturing; preprogramming is 
extensible to an important class of field work tasks (mostly on the periphery of the field 
work mainstream, and mostly unenvisioned and untried at this time). Programming 
commands actions through scripts that are played back by rote with branching of the 
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script occurring at specified times or in response to anticipated events. Such scripts are 
only useful for predictable and invariant tasks, limiting the general use of pre- 
programmed robots for field work. 

Teleoperated machines, servoed in real-time by human operators who close the strategic 
control loop, amplify and project the human. Because all perception, planning, high-level 
control, and liability rest with the human, teleoperation circumvents the most difficult 
issues that face other robot control modes, including the liability of passing control 
between machine and human and coping with unanticipated scenarios. 

Teleoperation is proven where man does not tread, where demands are superhuman, 
where tasks are unstructured (by current measure), where liability is high, and where 
action is inevitable. A downside of teleoperation is that much is lost in translation across 
this man-machine interface. Robot bodies and senses are not optimal for coupling to man. 
Similarly, human minds are not optimal for the control of robots because of limitations in 
input/output bandwidth, memory structures, and numerical processing. The prospect 
exists for field robots to outperform their human counterparts in many ways. 

Cognitive robots sense, model, plan, and act to achieve working goals. Cognitive robots 
servo themselves to real-time goals and conditions in the manner of teleoperators but 
without human controllers; they are their own supervisors. Cognitive robots pursue goals 
rather than play out scripts; they move toward goals and notions rather than to 
prescriptions and recipes. Although software driven, they are not programmed in the 
classical sense. Cognitive robots are perceptive and their actions are deliberate; they 
operate in the face of the vagaries and contingencies of the world. Task performance by a 
cognitive robot is responsive to the state of the environment and the robot itself. 

Hybrid forms of teleoperated and programmed machines are becoming increasingly 
attractive as robots. For example, because factory processes are becoming more 
sophisticated as they integrate preprogramming and sensing, supervisory controllers and 
sensory feedback with teach/playback are becoming new research goals. Hybrid, 
supervisory, and programmable robots are also evolving from the roots of teleoperation 
in the nuclear service and decommissioning industries. 

However they are classified, the most striking observation of present-day robots is that, 
with few exceptions, robots lack the ability to perform with any generality, which is the 
gOal of truly capable systems. Even when task directives and methods of procedure are 
explicit, unforeseen difficulties arise that impede or halt the robot's progress. 
Autonomous navigation systems, for example, lack the capacity to negotiate traffic or 
move quickly across unexplored rough terrain. These robots are often debilitated by 
uncontrollable circumstances, such as bad lighting and inclement weather. Nor can they 
always cope with conflicting data to resolve ambiguities. Only now are driving robots 
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beginning to distinguish shadows from roads and separate real obstacles from the 
phantoms caused by spurious sensor readings. 


The Use of Field Robots 

Factory robots bring the repeatability, productivity, and quality control of automated 
mechanisms to manufacturing industries. The other historical motivation for using robots 
is to relieve humans of duty in hazardous environments. The nuclear industry was quick 
to adopt telerobotics so that human presence can be projected into places where the need 
for radiation protection hinders manual work or precludes it altogether. Teleoperated 
manipulators are presently saving thousands of man-rems of exposure in the routine 
servicing of reactors and associated steam generation equipment; recovery from the 
Three Mile Island and Chernobyl accidents would not have been possible without robotic 
worksystems specially commissioned to operate in those scenarios. For their specialized 
agenda, these nuclear-qualified robots exhibit high competence, owing to the fact that 
they were built to meet explicit performance goals and design criteria. 

The world is now positioned to apply robotic technologies in other commonplace 
scenarios. Non-factory work sites are ripe, virtually untouched, and inevitable arenas for 
robotic applications. Labor efficiency on field sites is alarmingly low and the need for 
improved productivity is evident. Worker tjme spent idle or doing ineffective work may 
exceed half the work week, and productivity has generally been in decline for two 
decades. Thus, industry size, economics, existing inefficiencies, and competition motivate 
the introduction of robotics to field work. Other motivations include quality assurance 
and the prospect for better control over the field work site of the future. Further, because 
field work is often hazardous, concerns for health and safety provide additional impetus 
for robotic implementations. 

In addition to all these motives, certain applications are inevitable because man is not 
perfectly suited for field work; machines are often better equipped for many applications. 
Man, for example, is vulnerable to hostilities such as weather, dust, vacuum, submersion, 
and cave-ins, and limited by a lack of scale or power for activities such as mining, material 
handling and construction. Man lacks certain sensing modalities, memory structures, and 
computational abilities that will allow the robots of the future to precisely sense and 
execute tasks in scaled or measured environments, and optimize automatic material 
distribution throughout a site. The needs of the field industries drive the development of 
unstructured robotics just as manufacturing and assembly drove structured robotics and 
hazardous environments drove teleoperation. 

Early applications of robotic arms in manufacturing leveraged on their accuracy, 
consistency, and repeatability to achieve productivity, performance quantified on the 
basis of speed and the efficiency of resource investment, particularly the human resource. 
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Similar increases in productivity are realizable in applications outside the factory. For 
example, proper characterization of a hazardous waste site requires an enormous amount 
of data to be taken over a large land area. There are current efforts to automate this 
process by replacing manual data collection with mobile robots that can acquire and 
spatially correlate site information. Orders of magnitude increases in the amount of site 
data, as well as higher precision position estimation, will enable more complete 
assessments and ultimately reduce the cost of the investigation process. 

Excavation is another excellent application to further the evolution of robotics because of 
its significance in scale and economic importance. It operates on a universal and generic 
material (soil), and excavation's goal and state can be described adequately by models of 
geometry and kinetics. Further, excavation is tolerant of imprecision, well-understood as 
a human driven process, and prototypical of a host of spin-off applications. One 
motivation for robotic excavation is the hazard in such tasks as blind digging of gas lines, 
retrieval of unexploded ordnance or removal of hazardous waste from a landfill. Another 
motivation is the productivity and process control that could be realized in mass earth 
moving operations. Unmanned excavation will reduce the human injuries and property 
losses attributed to explosions, decrease operation costs, and increase productivity by 
lengthening the work day. 

Automation of surface mining has the potential to increase safety, decrease cost, and 
revolutionize control of surface mining operations. Elimination of human operators could 
circumvent current variables of operator quality and availability and monotony of the 
task. Further, automation of surface mining is seen as a building block toward general 
work site automation. Surface mining lends itself well to automation. Driving and 
haulage are simple actions in comparison with the richness of other robotic tasks like 
manipulation. Off-road navigation can also be extended to the applications of agriculture 
and timber harvesting. The environment can be known in advance and rigged to an 
appropriate level. Because the task is repetitive (the same paths are traversed for years), 
explicit plans alleviate the need for the robot to explore or learn about its environment. 
Although it must be able to handle a range of contingencies such as obstacles, an 
autonomous haulage system is primarily a performer of preplanned actions relegating 
perceptive sensing to a mechanism of self-survival. 

A new generation of robots, grounded in existing robotic technologies, is on the horizon 
and will find widespread utility. 

Robotic navigators are one class of systems that have several applications, including 
haulage, material delivery, and waste site characterization.'- Through automation of off- 
road driving, these tasks can be performed with less direct human involvement, thereby 
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increasing a worker's productivity through simultaneous control of several vehicles and 
removing his exposure to potential hazards. 

Ground vehicles realizable in the near term will navigate under general lighting and 
weather conditions at productive rates of travel. Some will drive on streets and highways; 
others will negotiate rough terrain with variable geometry and natural surface 
characteristics. They will employ multiple sensory modes for guidance; use maps from 
several sources and of various resolution; detect, recognize and avoid obstacles; and be 
cognizant of their own dynamics. Future generations of robotic off-road navigators will 
focus on the design of robust navigational schemes. Obstacle detection and recognition 
will be extended to accommodate dynamic obstacles like other vehicles so that these 
robots will ultimately be capable of driving in traffic. 

By coupling manipulation to locomotion, a robotic vehicle that can navigate off-road can 
be complemented with the ability to perform useful work. A terrestrial robot worksystem 
can be used in construction applications, such girder emplacement, excavation, and brick 
laying, and hazardous applications like handling of radiological material, waste 
packaging, and decontamination and decommissioning of nuclear facilities. These tasks 
share the common denominators that the robot physically engages and manipulates its 
environment and that the setting for these operations is often very hazardous. 

These steps to enhance teleoperation of the worksystem provide the foundation for 
enhanced performance through increased task autonomy. The worksystem will evolve 
incrementally, as operations performed under human control in one generation are 
automated in the next. Interaction between man and machine will become simpler as the 
robot becomes able to accept higher level commands, and the human's role will transition 
to supervisor. 

Next generation worksystems will perform certain subtasks on their own, while the 
operator exercises direct control for the more difficult operations, monitors subtask 
execution, and intervenes as needed. In the case of excavation, subtasks might be the 
scooping and unloading phases of the digging cycle; for building construction, subtasks 
might include grasping an I-beam and carrying it to location where a building foundation 
is being established. These capabilities will develop from the basics of manipulator 
control and geometric model building of the enhanced teleoperator by adding the 
capacity to recognize objects and the ability to reason on perceived geometry and force. 
Future generation worksystems will combine subtasks, automate more difficult aspects 
of the tasks, and add execution monitoring to achieve a higher degree of autonomy. 
Alternatively, it might be desirable to pursue execution of a variety of tasks using one 
worksystem with multiple tools and operating modes to achieve higher utility. 
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The Evolution of Robotic Technology 

Robotics research has reached a threshold where technologies are beginning to find 
performance niches in which their implementations show comparative advantages over 
older technology or allow the performance of tasks previously unperformable. We are 
also witnessing a shift in implementation process from ad hoc integrations to disciplined 
development of complete systems. 

Robotic technology has gained competence in the key areas of sensing, cognition, and 
control, to the point where new applications are feasible. Early robots had only 
mechatronic sensing with which they measured directly observable external variables, 
such as displacement and force, and could perform only simple operations, such as 
inspection, loading, and other positioning tasks. Increased understanding of vision and 
other sensory processes has made it possible for robots to make interpretations of their 
environment. Advanced robots extract and recognize certain features in data, often from 
multiple sensors, on the basis of pre-stored symbolic representations. This makes them 
capable of more challenging tasks, for example, manipulating irregularly shaped objects 
and assessing navigability of roads and paths. A very demanding task, like construction 
of a building, which requires not only the recognition of features and objects, but 
understanding of their semantic interplay, is presently beyond robotic technology. 

Similarly, robots are able to undertake more challenging tasks as a result of advances in 
machine cognition. For early robots, planning was algorithmic and often no more than 
continuous state error correction, as in charting and following a trajectory. It is now 
feasible for robots to perform tasks like shaping soil and walking over rough terrain, 
which require automatic planning of significantly greater scope and depth: plans must be 
decomposed from goal specification into executable actions, and plan formulation has to 
be done in the face of uncertainty, requiring execution monitoring and use of 
contingencies. Coordination of multiple, potentially conflicting subgoals to fulfill a single, 
high-level directive, such as "clear obstacles from the road," remain too ambitious for 
existing robots. 

The evolution of robotic technology is also evident in the increasing physical challenges 
met by robots. The first robots had kinematic control only, and their task domain spanned 
only operations that could be expressed by prescriptions of robot position. Better 
understanding of robot mechanisms and the application of more advanced control theory 
has enabled tasks that involve dynamic interaction of the robot with its environment, like 
stable walking and excavation. We are now implementing control at the task level, which 
goes beyond control theory and includes cognitive functions, such as error detection and 
fault recovery, so that occurrences, such as an unexpected obstacle, a sudden loss of 
traction, or a dropped payload, do not prevent completion of a task. 
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Future Directions 

Despite evident need and apparent promise, the evolution of field robotics has not been 
straightforward. Ancient crafts have been historically slow to embrace new technology. 
Research investment levels have been insignificant. No precedents in field work 
industries for development programs of the requisite magnitude exist. Because field 
problems are difficult, quick fixes or one-time solutions are few, running counter to 
historical insistence on short-term payoff for investment. Obstacles to the growth of field 
robotics are compounded by the lack of common ground between the field industries and 
the robotics research community. The industry cannot yet visualize a programmatic 
course of action for integrating the growing robotic technology with its own. 

At this time, construction, subsea, space, nuclear, mining, and military applications are 
driving and pacing many field robotics developments. Subsea and space applications, in 
particular, present unique technical challenges to robots, specialized motivations for field 
work, and constraints and regulations that discourage the use of human workers. 
However, the formative integration and drive for field robotics must ultimately come 
from the field work industry itself. The inevitability of field robotics will drive its 
evolution despite the immediate immaturity and impotence of the field. 

It is likely that all three classes of robots and their hybrids will find sustaining relevance. 
Experiences are too few and it is too soon to resolve the relative importance of these forms 
or to discount the potential of any form. The Japanese have embraced teleoperators and 
programmed machines for field work. Perhaps the early American views of field robotics 
overestimated the need for sensing, artificial intelligence, and autonomy. Though it now 
appears that attributes of intelligence, particularly the ability to deliberate performance 
of tasks, will eventually dominate field robotics, nonetheless, teleoperators and 
programmed machines have both short- and long-term relevance. 

If robots eventually prove themselves infeasible for unstructured environments, our 
views on what constitutes structure must change. Robots other than teleoperators may be 
irrevocably synonymous with structure. Our judgment in this matter should not be too 
clouded by current measures of structure and machine perception. It is common to 
mistake or overestimate chaos in a task environment simply because form and 
understanding are not apparent. There is a great prospect for structuring the apparently 
unstructured either by discovering structure or by imposing it. 

The evolution of field robots will distill unique attributes for robots with working goals 
in unstructured environments. New robotic forms will emerge with the capability and the 
strategic competence to construct, maintain, and demolish. The evolution of field robotics 
will no more culminate in a single, ultimate form than did its biological counterpart. 
Rather, classes of robots will emerge for classes of work within classes of constraints. 
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Even the robot genus/ species formed and proven in other application domains remains 
untested by field work. No doubt most of the forms evolved for other purposes will find 
relevance somewhere in field work, if only because field works umbrella is so broad. The 
discipline of field robotics is embryonic. Its maturation is inevitable, but its mature form 
is not apparent. Given the uncertainty of what robotic forms may be relevant to field 
work, we argue that the field should remain open to all possible 

The discipline must persevere to distill the unique identity and intellectual content of 
field robotics. The uniqueness of field robotics appears to lie in the cognitive skills and 
goals specific to the synthesis of an end product. Much research and many goals in field 
robotics, however, are generic to unstructured robotics, so field work can benefit from 
parallel developments in related fields. Little applicability would be lost by changing the 
domain specificity from field work to nuclear, mining, timbering, or military. It seems 
that field work will be dragged reluctantly to the opportunities of robotics. Nuclear, 
military, space, and offshore interests are embracing and driving the ideas now. It is 
essential that field robotics identify and drive the developments that will distinguish it as 
a discipline of its own. 
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TECHNOLOGY NEEDS FOR CURRENT OR FUTURE MISSIONS 

• Better understanding of Barrier coatings 

• Need a lubrication strategy 
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TECHNOLOGY NEEDS FOR CURRENT OR FUTURE MISSIONS 

• Assessment/survey of existing effort/data 

• Coordination of existing activities 
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Develop methods and facilities for combined testing 
Better modeling of environment and effects 
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TECHNOLOGY NEEDS FOR CURRENT AND FUTURE MISSIONS 

# Fund/develop qualitative discrimination technique 

• Survey of existing capabilities 
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CONCERNS 

• Leading or Following model (Expt./test/applic) 

• Misuse of model 



PRIORITIZED LIST OF TECHNOLOGY NEEDS 
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E CAREER DEVELOPMENT - ATTRACT NEW BLOOD 


WHAT NEXT? 
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RESPONSES TO OBJECTIVE QUESTIONS 
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PRIORITIZED LIST OF OBSTACLES 
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OTHER ISSUES 
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(4) FOLLOW THE ESA EXAMPLE 
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• Flexible materials (e.g. belts, cloth, coatings, seals, etc.) 

• Improved wear resistant materials 

• Definition of performance of materials (stress corrosion, embrittlement) 

CONCERNS 

• New and/or advanced materials as needed will not be developed when needed 
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Limitations on available power could be a problem 
Designs for sealing an unknown 
Lack of drive train component design 

A need to look at non-traditional components and design of components 
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Lack of low cost, standardized components for design and building of mechanisms (leads to expensive 
mechanisms) 

Lack of configuration and performance metrics for mechanisms 
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PLANETARY SURFACE OPERATIONS 
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ROBUSTNESS AND RELIABILITY, SOLID AND LIQUIDS 



TECHNOLOGY NEEDS CLASSIFIED INTO 3 AREAS 
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TECHNOLOGY NEEDS CLASSIFIED INTO 3 AREAS 
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TECHNOLOGY NEEDS CLASSIFIED INTO 3 AREAS 
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SPACE MECHANISMS TECHNOLOGY WORKSHOP OUTPUT 


The responses to each objective question (discussed by the four working 
groups) were tabulated and prioritized according to the number of groups that 
thought it was an important issue. The following includes tables illustrating 
those responses and some written comments on each objective question. 

CURRENT SPACE MECHANISMS OBSTACLES 

The two obstacles mentioned by each of the four working groups were (1) 
deficient testing methods and (2) deficient lubrication technology for 
mechanisms. These appear to be the two major needs areas. 

The problem with testing is that mechanisms are very systems dependent, 
if one test parameter is changed, one can not verify that a mechanism will 
operate as reliably or efficiently under the new condition. Thus, one has to 
ascertain that all possible operational parameters (that the mechanism will 
encounter) are evaluated. In addition, it is very hard to simulate a space 
condition in ground based testing. For example, simulating a zero-g, high 
vacuum environment or a dusty, wide temperature spectrum, high vacuum 
environment (as will be the case on the moon) is quite difficult. 

Since testing involves tribological effects, the effect of atmosphere type is 
very important. Tests in air should not be performed unless one is absolutely 
certain this environment will create no unwanted additional effects. When 
liquid lubrication is involved there are currently no methods for accelerating the 
testing because the lubrication mechanism is speed dependent. Testing also 
must take into account vibrational effects caused during the launch of the 
mechanism and effects due to storage of the mechanism. 

Lubrication technology for space applications has not advanced markedly 
in the last 20 years. The concern is that currently satellites are being put into 
orbit with the expectation that they will last for longer periods of time and 
demanding minimal contamination by outgassing of lubricants. Solid lubricants 
would be ideal, but generally they have limited life. In addition, those that work 
well in a vacuum usually do not function well in an air environment, and vice 
versa. New liquid lubricants have been developed with very low vapor 
pressures, but they have a tendency to break-down under boundary lubrication 
conditions and thus their life is unreliable. There are other liquid lubricant 
candidates for space applications, but the problem is that minimal testing has 
been done for space qualification or the information on them is proprietary. In 
the propulsion area, lubrication and testing in LOX has been a problem. And for 
planetary surfaces, we have no experience in operating mechanical equipment in 
very cold, dusty, high vacuum, or corrosive environments. 
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The next most mentioned area was a lack of communication or lack of 
data sharing. Three of the four groups mentioned this. The Aerospace 
Mechanisms Symposium is held every year by NASA, but it was felt that this 
symposium dealt more with design issues than with technology issues and was 
not much benefit in disseminating technology information. Three of the four 
groups also mentioned mechanism design methods. It was felt that new or 
innovative methods need to be developed. It remains to be seen how to 
accomplish this? 

Two of the four groups mentioned quality control methods, space 
environmental effects and mechanisms materials as being obstacles. The current 
state of tribology is such that the performance of many lubricants is dependent 
more on how they are applied than on what is applied. Similarly with 
producing quality bearings, gears, etc. for space applications. It is important that 
these parts are produced according to specifications, thus good quality control 
practices are required. It is becoming more difficult to find good suppliers. Not 
many materials are space qualified for mechanisms applications. Because 
materials are qualified for structural applications, designers often choose such 
materials, even though tribologically speaking they are poor choices, they are 
selected only because they are "space qualified". Space environmental effects on 
mechanisms and lubricants are, for the most part, indeterminate, especially on 
the moon or Mars. 

The other deficient areas mentioned at least once by one of the groups, 
were: analytical models, storage methods, unknown failure mechanisms, and 
consistent funding. Basically there are very few analytical models to predict a 
mechanisms performance or how long it will operate. There is a lack of 
information on how storage will affect the performance or endurance of 
mechanisms. We do not know how many mechanisms fail when tribology 
problems occur. And finally, it was felt that the key to improving the operation 
of space mechanisms was to have consistent funding from NASA Headquarters 
in this area. 


SPACE MECHANISMS TECHNOLOGY NEEDS 

The technology needs that were discussed for the most part parallel the 
obstacles listed, however, the technology need responses tended desirable specific 
areas that were not mentioned in the obstacle discussions. Improved lubricating 
systems and accelerated testing techniques were listed by all groups. Improved 
component materials was listed by 3 groups although only 2 groups mentioned 
materials as an obstacle. Two groups mentioned better design processes, 
knowledge of failure modes and environmental simulation as technology needs. 
Analytical models, historical data, testing methods, rotating machinery, pumps, 
solar and nuclear electric, transmissions, and boosters were mentioned by at least 
one group. 
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HOW DO WE IMPROVE THE RELIABILITY OF MECHANISMS 

The power and propulsion group was the only group that had sufficient 
time to address the reliability of mechanisms issue, however their responses are 
very applicable to the other discipline areas. They felt that: (1) a specialist in 
mechanical components and lubrication should be involved during the 
conceptual design phase of any project NASA should supply these specialists or 
have a list of approved specialists. (2) A system incorporating a rigorous systems 
of checks and balances should be established. (3) All plans should be reviewed 
by technically competent engineers. (4) NASA needs to maintain a strong 
in-house capability to guide and direct contractors as well as to develop needed 
technology. (5) Realistic testing and simulation of the hardware should be 
conducted. (6) Long term testing is needed to establish and assure a data base. (7) 
While NASA's overall missions may change, research and technology in key 
technological disciplines (such as mechanisms) which are important to many 
programs should be maintained and stabilized. (8) Finally it was felt that we 
should return to the "Apollo Philosophy". 

WHAT SORT OF INFORMATION SHOULD BE IN A SPACE MECHANISMS 
GUIDELINES HANDBOOK 

All the groups felt a space mechanisms guidelines handbook was a good 
idea. It was also felt that this document should be a "living" document, being 
continuously updated as new technology and techniques are developed. A large 
number of items were listed by each group as to the type of information that 
should be included in this manual. The responses varied somewhat depending 
upon the discipline and background of the group participants, but everyone 
agreed that points of contacts or experts in various disciplines was one of the 
most important items that should be included. The next most important item 
concerned environmental effects that should be taken into account. Two of the 
groups suggested that some case histories should be included. The rest of the 
items mentioned by the groups are listed in the enclosed table. 

HOW CAN TECHNOLOGY DEVELOPMENT AND THE DISSEMINATION OF 
INFORMATION BF. IMPROVED 

The number one suggestion for improving technology development and 
the dissemination of information was to establish a lead or central repository. 
An important consideration that came out of this workshop was that 
mechanisms technology is very generic. Technology developed for the satellite 
industry can also be applied to planetary surface operations as well as to power 
and propulsion problems. It would be beneficial to have one center correlate all 
the mechanisms work which would apply to all the agency needs. This would 
reduce costs as well as reduce the duplication of research. It was also felt that 
regular meetings such as this workshop need to be conducted to foster the 
exchange of information. It may be possible to have seminars or sessions at 
engineering conferences that deal with space mechanisms. A number of other 
items were discussed and they are listed in the enclosed table. 


237 



OTHER ISSUES 


The groups were also asked to list other issues that they perceived to be 
important but were not covered in the objective questions given to the groups. 
Each group tended to have its own issues. The only issue mentioned by two 
groups was that better military-civilian cooperation is needed in the satellites 
area. Various areas were discussed ranging from how to advocate a space 
mechanisms program to very specific technology issues such as the need for 
smart systems. The issues listed by the groups can be reviewed in the enclosed 
table. 

WHAT NEXT 


All four working groups indicated that the first task that should be done in 
the space mechanisms area is to initiate a space mechanisms handbook. (Note: 
the production of that handbook is currently underway, being sponsored by Code 
Q at NASA Headquarters.) The next task that all of the groups agreed upon was 
that some forum which would permit regular discussions should be established. 
Three of the groups stated that regular meetings should take place and three said 
that a permanent advisory committee or working group should be formed. 
Other items that should be considered include: have cooperative programs, 
catalog capabilities (personnel and facilities), establish a lead center, have video 
conferences, develop a newsletter, etc. The table on "What's Next" includes all 
the items mentioned by the groups. 

The Workshop ended with Professor Theo Keith of the OAI outlining a 
possible plan whereby industry, government and universities could network 
though OAI to develop educational courses, handbooks, computer databases, etc. 
(see accompanying figure). Professor Keith also outlined a plan whereby the 
workshop could lead to a steering group and then to a space mechanisms 
advisory group to help advocate a program, to form coalitions, form agendas and 
improve communication between industry, government and universities (see 
attached figure). 
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COMPILATION OF TECHNOLOGY NEEDS LISTED BY SPACE 
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| TECHNOLOGY NEEDS 

| IMPROVED LUBRICATING SYSTEMS 

| ACCELERATED TESTING TECHNIQUES AND NDE 

| IMPROVED COMPONENT MATERIALS 

| BETTER DESIGN PROCESSES 

I ENVIRONMENTAL SIMULATION 

| KNOWLEDGE OF FAILURE MODES 

1 ANALYTICAL MODELS 

I HISTORICAL DATA 

| TESTING METHODS 

| ROTATING MACHINERY 
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COMPILATION OF IDEAS ON HOW TO IMPROVE THE 
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| WHAT NEXT? 

I item 

| SPACE MECHANISM HANDBOOK 

| PERMANENT ADVISORY COMMITTEE OR WORKING GROUP 

I REGULAR MEETINGS 

| COOPERATIVE PROGRAMS 

1 CATALOG OF CAPABILITIES (PERSONNEL & FACILITIES) 

A DEVELOP A FOLLOW UP PLAN SCHEDULE 

II ESTABLISH A LEAD CENTER 

II FOLLOW THE EUROPEAN SPACE AGENCY EXAMPLE 

| VIDEO CONFERENCES 

1 IMPLEMENT RESEARCH 

| A NEED TO START NOW-20 YEAR LEAD TIME 

DEVELOP A NEWSLETTER 

| SELECT BEST CANDIDATE AND BUILD A CASE FOR FUNDING 


245 







EDUCATIONAL 
- lessons learned 
case book 



DATABASE 
- catalog 


HANDBOOKS 


- Directory 


- (short) courses _ design guides * ex P er ^s 

• facilit's 


-tools 


246 



247 







SPACE MECHANISMS TECHNOLOGY WORKSHOP ATTENDEES 


Fim 

MhUlft Liitmina 

Orflinlzillon 

William 

J. 

Anderson 

Nastec, Inc. 

Wayne 


Bartlett 

NASA Lewis Research Center 

John 


Bozek 

NASA Lewis Research Center 

Dave 


Brewe 

NASA Lewis Research Center 

Ben 


Clark 

Martin Marietta Astronautics Group 

William 


Clark 

University of Pittsburgh 

Chris 


Dellacorte 

NASA Lewis Research Center 

James 


Dill 

Mechanical Technology, Inc. 

Ben 


Ebihara 

NASA Lewis Research Center 

Dale 

c 

Ferguson 

NASA Lewis Research Center 

Paul 


Fleischauer 

Aerospace Corporation 

Dave 


Fleming 

NASA Lewis Research Center 

Bob 


Fusaro 

NASA Lewis Research Center 

Jim 


Gleeson 

Battelle Labs 

Robert 


Gresham 

E/M Corporation 

Richard 

L 

Hall 

Battelle Labs 

Bert 


Haugen 

Lockheed Missiles 

Bob 


Hendricks 

NASA Lewis Research Center 

Pilar 


Herrera-FierroNASA Lewis Research Center 

Hooshang 


Heshmat 

Mechanical Technology, Inc. 

Ralph 


Jansen 

NASA Lewis Research Center 

William 

R. 

Jones 

NASA Lewis Research Center 

Jerry 


Kannel 

Battelle Labs 

Theo 

G. 

Keith 

Ohio Aerospace Institute 

Michael 

M. 

Khonsari 

University of Pittsburgh 

Edward 


Kingsbury 

NASA Lewis Research Center 


CHv 

Slit* 

Zifl 

Warh phvnt 

Cleveland, 

OH 

44142 

216/433-1555 

Cleveland, 

OH 

44135 

216/433-5388 

Cleveland, 

OH 

44135 

216/433-6166 

Cleveland, 

OH 

44135 

216/433-6967 

Denver, 

00 

80201 

303/977-3000 

Pittsburgh, 

PA 

15261 

412/624-9794 

Cleveland, 

OH 

44135 

216/433-6056 

Latham, 

NY 

12110 

518/785-2136 

Cleveland, 

Of 

44135 

216/433-3524 

Cleveland, 

Of! 

44135 

216/433-2298 

Los Angeles, 

CA 

90009 

310/336-6098 

Cleveland, 

OH 

44135 

216/433-6013 

Cleveland, 

OH 

44135 

216/433-6080 

Columbus, 

OH 

43201 

614/424-4697 

West Lafayette, 

IN 

47906 

317/497-6340 

Columbus, 

OH 

43201-2693 

614/424-5499 

Sunnyvale, 

CA 

94086 

408/742-0412 

Cleveland, 

OH 

44135 

216/977-7507 

Cleveland, 

OH 

44135 

216/433-6053 

Latham, 

NY 

12110 

518/785-2533 

Cleveland, 

OH 

44135 

216/433-6054 

Cleveland, 

OH 

44135 

216/433-6051 

Columbus, 

OH 

43201 

614/424-4626 

Brook Park, 

OH 

44142 

216/891-2106 

Pittsburgh, 

PA 

15261 

412/624-9790 

Cleveland, 

OH 

44135 

216/433-6051 


249 



Elm 

inddti uiiaimt 

Ominliatlon 

City 

suit 

Zifl 

Mfgrk alwnt 

Mike 

Knasel 

Ohio Aerospace Institute 

Brook Park, 

OH 

44142 

216/891-2147 

Frank 

Kustas 

Martin Marietta Astronautics Group 

Denver, 

CD 

80201 

303/971-9107 

Geoffrey 

A. Landis 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-2238 

Charles 

Lawrence 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-6048 

Gerald 

Lilienthal 

NASA Jet Propulsion Lab 

Pasadena, 

CA 

91109 

818/354-2400 

Stuart 

Loewenthal 

Lockheed Missiles & Space Co. 

Sunnyvale, 

CA 

94089-3504 

408/743-2491 

William 

M. Logue 

Martin Marietta Astronautics Group 

Denver, 

00 

80201 

303/971-8614 

Roy 

Marangoni 

University of Pittsburgh 

Pittsburgh, 

PA 

15261 

412/624-9797 

Fran 

Marchand 

Draper laboratory 

Cambridge, 

MA 

02139 

617/258-1170 

Lee 

Mason 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-7106 

Karl 

R. Mecklenburg Wright Laboratory/MLBT 

WPAFB, 

OH 

45433-6533 

513/255-2465 

Eric 

Mellberg 

Lockheed Missiles & Space 

Titusville, 

FL 

32780 

407/383-2200x2685 

Jeff 

Miller 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-6012 

Kazuhisa 

Miyoshi 

NASA Lewis Research Center 

Geveland, 

OH 

44135 

216/433-6078 

Yngve 

Naerheim 

Rockwell International Science Center 

Thousand Oaks, 

Ca 

91360 

805/373-4254 

Ted 

Nye 

TRW, Incorporated 

Redondo Beach, 

CA 

90278 

310/813-5934 

Miroslaw 

Ostaszewski 

Ball Aerospace Systems Group 

Boulder, 

CD 

80306 

303/939-6392 

Stephen 

Pepper 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-6061 

Larry 

Pinson 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-3312 

Roamer 

Predmore 

NASA Goddard Space Flight Center 

Greenbelt, 

MD 

20771 

301/286-5953 

Kevin 

Radii 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-5047 

Doug 

Rohn 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-3325 

Kent 

Roller 

Ball Communications Systems DIV. 

Boulder, 

00 

80306-1062 

303/442-4812 

Jeffrey 

Schreiber 

NASA Lewis Research Center 

Cleveland, 

OH 

4135 

216/433-6144 

Herbert 

Singer 

Draper Laboratory 

Cambridge, 

MA 

02139 

617/258-3929 

Harold 

Sliney 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-6055 


250 



fim 

MWdli Liilnim# 

fimnlutton 

Cltv 

Stall 

Zifi 

Work Dhoni 

Rodger 

J. Slutz 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-62993 

Dennis 

Smith 

Honeywell, Inc. 

Glendale, 

AZ 

85308 

602/561-3237 

Michael 

M. Socha 

Draper Laboratory 

Cambridge, 

MA 

02139 

617/258-2126 

Talivaldis 

Spalvins 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-6060 

George 

Stefko 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-3920 

Bruce 

Steinetz 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-3302 

Curt 

Stidham 

NASA Lewis Research Center 

Cleveland, 

OH 

441345 

216/433-6106 

Robert 

Thom 

NASA Marshall Space Right Center 

Huntsville, 

AL 

35812 

205/544-2517 

Dave 

Thrasher 

Boeing Aerospace 

Huntsville, 

AL 

35824-6402 

205/461-3937 

Joanne 

Uber 

NASA Goddard Space Right Center 

Greenbelt, 

MD 

20771-0001 

301/286-8469 

Gary 

R. Walker 

ITT Aerospace/Optical Division 

Fort Wayne, 

IN 

46801 

219/436-2438 

Sterling 

W. Walker 

John F. Kennedy Space Center 

Kennedy Space 

a 

32899 

407/867-7770 

Peter 

Ward 

MPB Corporation 

Keene, 

NH 

03431 

603/355-4588 

Richard 

Weinstein 

NASA Headquarters 

Washington 

DC 

20546 

202/358-0538 

William 

Whittaker 

Carnegie Mellon Universtiy 

Pittsburgh, 

PA 

15213 

412/268-6559 

Erwin 

Zaretsky 

NASA Lewis Research Center 

Cleveland, 

OH 

44135 

216/433-3241 


251 




252 






REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports 1215 Jefferson 
Davis Highway. Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0108), Washington, DC 20503 


1 . AGENCY USE ONLY {Leave blank) 


4. TITLE AND SUBTITLE 


2. REPORT DATE 

October 1999 


Space Mechanisms Technology Workshop Proceedings 


6. AUTHOR(S) 


3. REPORT TYPE AND DATES COVERED 

Conference Publication 
1 5. FUNDING NUMBERS 


WU- 323-72-00-00 


Robert L. Fusaro, editor 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
John H. Glenn Research Center at Lewis Field 
Cleveland, Ohio 44135-3191 


8. -PERFORMING ORGANIZATION 
REPORT NUMBER 


E- 11770 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


NASA CP— 1999-209200 


11. SUPPLEMENTARY NOTES 


Responsible person, Robert L. Fusaro, NASA Glenn Research Center, organization code 5950, (216) 433-6080. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Categories: 18, 37, and 27 


12b. DISTRIBUTION CODE 


Distribution: Nonstandard 


This publication is available from the NASA Center for AeroSpace Information, (301) 621-0390. 


13. ABSTRACT (Maximum 200 words) 

Over the years, NASA has experienced a number of troublesome mechanism anomalies. Because of this, the NASA 
Office of Safety and Mission Assurance initiated a workshop to evaluate the current space mechanism state-of-the-art and 
to determine the obstacles that will have to be met in order to achieve NASA’s future missions goals. The workshop was 
co-sponsored by NASA/Lewis Research Center and the Ohio Aerospace Institute (OAI) and was held at the Holiday Inn 
in Westlake, Ohio. Seventy experts in the field attend the workshop. The experts identified current and perceived future 
space mechanisms obstacles. For each obstacle, the participants identified technology deficiencies, the current state-of- 
the-art, and applicable NASA, DOD, and industry missions. In addition, the participants at the workshop looked at 
technology needs for current missions, technology needs for future missions, what new technology is needed to improve 
the reliability of mechanisms, what can be done to improve technology development and the dissemination of informa- 
tion, and what do we do next. 


14. SUBJECT TERMS 


Mechanisms; Systems; Problems; Space; Mechanical components; Tribology; 
Lubrication; Deploy ables 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 


15. NUMBER OF PAGES 

263 


20. LIMITATION OF ABSTRACT 


Standard Form 298 (Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 















